BACKGROUND/OBJECTIVES: Because both, glycemic index (GI) and carbohydrate content of the diet increase insulin levels and could thus impair fat oxidation, we hypothesized that refeeding a low GI, moderate-carbohydrate diet facilitates weight maintenance. SUBJECTS/METHODS: Healthy men (n = 32, age 26.0 ± 3.9 years; BMI 23.4 ± 2.0 kg/m 2 ) followed 1 week of controlled overfeeding, 3 weeks of caloric restriction and 2 weeks of hypercaloric refeeding (+50, − 50 and +50% energy requirement) with low vs high GI (41 vs 74) and moderate vs high CHO intake (50% vs 65% energy). We measured adaptation of fasting macronutrient oxidation and the capacity to supress fat oxidation during an oral glucose tolerance test. Changes in fat mass were measured by quantitative magnetic resonance. RESULTS: During overfeeding, participants gained 1.9 ± 1.2 kg body weight, followed by a weight loss of − 6.3 ± 0.6 kg and weight regain of 2.8 ± 1.0 kg. Subjects with 65% CHO gained more body weight compared with 50% CHO diet (P o0.05) particularly with HGI meals (P o0.01). Refeeding a high-GI diet led to an impaired basal fat oxidation when compared with a low-GI diet (P o0.02), especially at 65% CHO intake. Postprandial metabolic flexibility was unaffected by refeeding at 50% CHO but clearly impaired by 65% CHO diet (P o 0.05). Impairment in fasting fat oxidation was associated with regain in fat mass (r = 0.43, P o0.05) and body weight (r = 0.35; P = 0.051). CONCLUSIONS: Both higher GI and higher carbohydrate content affect substrate oxidation and thus the regain in body weight in healthy men. These results argue in favor of a lower glycemic load diet for weight maintenance after weight loss.
INTRODUCTION
Energy balance is the main concept underlying body weight regulation. It can however be extended to the less familiar concept of macronutrient balance. 1, 2 According to this approach a mismatch between macronutrient intake and oxidation may lead to an accumulation or depletion of the body´s macronutrient stores and respective changes in body composition even if energy balance remains unchanged. 3 Substrate oxidation is reflected by the respiratory quotient (RQ). A high fasting RQ corresponds to a low fat oxidation and was associated with higher prospective weight gain 4, 5 and fat storage. 6 In addition, 24 h-fuel selection measured in a caloric chamber predicted the long-term success of weight maintenance after diet-induced weight loss. 7 Besides RQ, fuel partitioning can be characterized by metabolic flexibility, the ability to adapt macronutrient oxidation to macronutrient availability. 8 Physiologic determinants of metabolic flexibility include insulin sensitivity (higher metabolic flexibility in insulin sensitive people), 9 energy balance and macronutrient composition of the diet. High energy intake leads to an increase in carbohydrate oxidation, whereas underfeeding results in an enhanced fat oxidation. 10 Carbohydrate oxidation increases with carbohydrate intake. 3 In addition, glycemic index (GI) has been shown to affect metabolic flexibility 11 and fat storage in rodents. 12 However, studies in humans remain controversial, with some authors describing an impact of GI on substrate oxidation 13 whereas others failed to show an effect, 14 (for a review see Díaz et al. 15 ). The equivocal human evidence might be explained by the fact that most previous studies were performed at energy balance or during weight loss (the effect of caloric restriction may override any effect of GI) and some studies investigated overweight and obese subjects who may have been insulin resistant.
After weight loss, metabolic and neuroendocrine adaptations occur that render this phase vulnerable to weight regain. 16, 17 Accordingly, enhanced metabolic flexibility (measured as an increase in RQ from fasting to fed state) after weight reduction facilitated weight regain in rats. 18 In this context a low-GI diet may be beneficial for maintenance of reduced weight because it contributes to a lower insulin secretion and thus to a lower increase in CHO oxidation at the expense of fat oxidation. First evidence for this idea comes from the Diogenes study that has shown improved maintenance of weight loss with an ad libitum low-GI, high-protein diet. 19 However, GI is known to impact appetite regulation 20 and the effect of a low-GI diet on weight maintenance may have been due to a lower energy intake instead of a higher fat oxidation. Therefore the effect of GI on fuel partitioning and body composition during weight regain remains unclear and needs to be investigated under conditions of controlled energy intake.
In a nutritional intervention study in healthy nonobese men, we induced a weight cycle (weight gain followed by weight loss and regain). The effects of GI and CHO on changes in insulin sensitivity with perturbations in energy balance, were 1 published previously. 21, 22 Aim of the present paper is to investigate (i) the association between GI and CHO content of the diet and metabolic flexibility during weight regain and (ii) the relationship between metabolic flexibility and the partitioning of weight changes. We hypothesized that controlled refeeding with a low GI and moderate CHO diet would contribute to a higher fasting and postprandial reliance on fat oxidation and thus to a lower weight and fat mass regain when compared with a high-GI high-CHO diet.
SUBJECTS AND METHODS
Thirty-two men, aged 20-37 years, were recruited by notice board postings and mailing lists from the campus of the University of Kiel between February 2010 and September 2012. BMI ranged between 20.7 kg/m 2 and 29.3 kg/m 2 . Exclusion criteria were smoking, chronic diseases, regular use of medications, weight loss 45 kg within the last 3 years and food allergies or intolerances. Vegetarians and professional sportsmen were also excluded. All subjects had a normal insulin sensitivity verified by a hyperinsulinemic euglycemic clamp. 21 The study protocol was approved by the ethics committee of the Medical Faculty of the Christian-AlbrechtsUniversity of Kiel, Kiel, Germany. All subjects provided written informed consent before participation.
Study protocol
An outline of the study protocol is given in Figure 1 . A 3-day run-in period with ad libitum food intake preceded the intervention phase to obtain baseline measurements. Energy requirement was assessed at baseline and was used throughout entire study protocol. The controlled dietary intervention comprised 1 week of overfeeding (+50% of energy requirement), 3 weeks of caloric restriction (−50% of energy requirement) and subsequent 2 weeks of hypercaloric refeeding (+50% of energy requirement). At the beginning of overfeeding, two subgroups differing in macronutrient proportion of the diet were formed: a higher carbohydrate group (65% CHO, n = 16) with 65% carbohydrate, 20% fat, 15% protein and a moderate-carbohydrate group (50% CHO, n = 16) with 50% carbohydrate, 35% fat, 15% protein. Macronutrient proportion of the diet was kept constant during the course of the study. We avoided differences in protein intake to prevent differences in fat balance caused by diet-induced thermogenesis of protein. During refeeding two subgroups with a low-GI or high-GI diet were formed within each 50% CHO and 65% CHO group (n = 8). GI-subgroups were matched according to age, fat mass (%) and glucose tolerance (assessed by 75-g oral glucose tolerance test, OGTT at baseline).
The overfeeding period was used to limit loss of body weight in normal weight men during caloric restriction and to reach equal baseline conditions of macronutrient composition for a period of one week. It has been shown that one week is sufficient to adapt macronutrient oxidation to energy and macronutrient content of the diet. 23 Fasting nonprotein respiratory quotient (NPRQ fasting ) was assessed after overfeeding, caloric restriction and refeeding. Assessment of RQ iAUC-OGTT was performed at baseline, after caloric restriction and after refeeding.
Dietary intervention
Energy intake was increased by +50% of energy requirement during overfeeding and refeeding (mean energy intake 17.0 ± 1.9MJ/day (4059 ± 452 kcal/day)), and was reduced by − 50% during caloric restriction (mean energy intake 5.7 ± 0.6MJ/day (1353 ± 154 kcal/day)). Individual energy requirement was calculated by multiplying resting energy expenditure (assessed by indirect calorimetry) by a sedentary physical activity level of 1.4. Physical activity was limited to~5000 steps per day, and was continuously monitored by pedometer (Omron Walking Style, OMRON Medizintechnik GmbH, Mannheim, Germany). During the intervention period, participants stayed at the department from 0800 hours till 1700 hours. All food and beverages were provided and meal intake was supervised by a skilled nutritionist. During overfeeding, participants received normal mixed-meals. During caloric restriction and refeeding, 50% of energy intake was provided by low-GI or high-GI mixed-meals and snacks and the other 50% by InsuLean pur (high GI) or InsuLean creme (low GI) liquid formula diets (InsuLean GmbH & Co. KG, Essen, Germany). GI of the diet was calculated according to WHO/FAO guidelines. 24 GI for individual food items was taken from Foster-Powell et al. 25 The glycemic load (GL) was calculated as the sum of GL of each food item (GL food = GI food × CHO food (g)/100). Detailed information about nutrient intake is provided in Supplementary Material.
As previously reported, 21 interstitial glucose was higher with HGI compared with LGI and higher with 65% CHO compared with 50% CHO diet whereas daylong glycemia did not differ between 50% CHO-HGI and 65% CHO-LGI groups.
Assessment of metabolic flexibility _ VO 2 and _ VCO 2 were continuously measured by open circuit indirect calorimetry in the morning after an overnight fast (ventilated hood system Vmax Spectra 29n, Sensor Medics, Viasys Healthcare, Bilthoven, Figure 1 . Schematic overview of the study protocol. 65% CHO, high-carbohydrate diet; 50% CHO, moderate-carbohydrate diet; GI, glycemic index; T0, baseline; T1, end of overfeeding; T2, end of caloric restriction; T3, end of refeeding.
Netherlands; Quark RMR, Cosmed, Rome, Italy). Measurements were performed for ⩾ 30 min and only steady-state periods were used for calculations. Change in substrate oxidation was measured as:
1. Increase in NPRQ fasting during the refeeding phase 2. Increase in RQ from fasting during an oral glucose tolerance test (RQ iAUC-OGTT )
NPRQ fasting (RQ corrected for nitrogen excretion) and hence the amount of carbohydrate, protein and fat oxidation were calculated according to Jéquier et al. 26 NPRQ fasting was averaged from three single measurements on consecutive days. N-excretion in 24-h acidified urine was assessed, after storage by − 40°C, by gas-phase chemiluminescence (Chemiluminescent Nitrogen System, Model 703C, Antek Instruments, Houston, TX, USA). Obligate N-losses by feces and skin were assumed as +2.5g N. RQ iAUC-OGTT was assessed in the morning during standard OGTT. Subsequent to a 30-min fasting measurement, gas exchange was measured 30-60 min, 90-120 min and 150-180 min after 75 g glucose intake. RQ iAUC-OGTT was calculated as incremental area under the RQ-curve using the trapezoidal rule.
Assessment of body composition
Height was measured to the nearest 0.5 cm, using a stadiometer. Body weight was measured to the nearest 0.1 kg on a calibrated electronic scale (seca 285, seca GmbH & Co. KG, Hamburg, Germany). Fat mass was determined by quantitative magnetic resonance (ECOMRI-AH, Echo Medical Systems, Houston, TX, USA). 27 
Statistical analysis
Data are expressed as means ± s.d. Normal distribution was checked by Kolmogorov-Smirnov test. One-way repeated-measures analysis of variance was used to examine changes of outcome during caloric restriction (ΔT2 − T1) and refeeding (ΔT3 − T2). Differences between 65% CHO and 50% CHO groups were examined by independent t-test. Impact of the diet during refeeding was tested by mixed-design analysis of variance. Significant effects were followed with pairwise comparisons and Bonferroni post hoc tests. Pearson's correlation coefficient was used to analyze the relationship between metabolic flexibility and regain in fat mass. Analyses were conducted using SPSS statistical software (SPSS 21.0, IBM Corp, Armork, NY, USA). Two-tailed P-values o0.05 were considered to indicate statistical significance.
RESULTS
Basal characteristics of the study population are presented in Table 1 . Participants' BMI ranged from 20.7-29.3 kg/m 2 . Twentyfive subjects were normal weight and 7 were overweight. Mean physical activity level was 1.43 ± 0.17 at baseline, 1.38 ± 0.14 at the end of overfeeding, 1.49 ± 0.14 at the end of caloric restriction and 1.41 ± 0.15 at the end of refeeding and did not change during study course (P40.05). No baseline differences in age, BMI, body composition, insulin sensitivity and RQ iAUC-OGTT were observed between 65% CHO and 50% CHO groups, except for RQ fasting that was lower in the 65% CHO group (P o 0.05). After 1 week of overfeeding with a standardized macronutrient proportion, no between-group differences were observed in RQ fasting as well as the other parameters.
Changes in body weight and fat mass with caloric restriction and refeeding Changes with caloric restriction and refeeding are presented in Table 2 . When compared with overfeeding, body weight and fat mass were significantly reduced following caloric restriction. Changes in body composition upon caloric restriction did not differ between all four subgroups. Body weight regain was affected by CHO (P o0.01) and GI × CHO interaction (Po 0.05). Subjects with 65% CHO gained more body weight compared with 50% CHO diet (P o 0.05) particularly with HGI meals (P o0.01). No significant between-group difference in the regain of fat mass was observed despite a 60-70% higher fat regain in the 65% CHO-HGI group.
Impact of diet on substrate oxidation during refeeding Changes in RQ due to caloric restriction and refeeding are presented in Table 2 . During caloric restriction, a decrease in NPRQ fasting was observed (P o 0.001), with no difference between 65% CHO and 50% CHO subgroups (P40.05). The impact of diet on substrate oxidation during refeeding is presented in Table 3 . Increases in NPRQ fasting during refeeding were observed for the whole study population (time effect) and each subgroup ( Table 2 ). The decrease in NPRQ fasting during caloric restriction was inversely associated with the increase in NPRQ fasting during refeeding (r = − 0.38, P o0.05). A time × GI interaction indicated that NPRQ fasting increased more in high-GI, than in low-GI groups (0.19 ± 0.06 vs 0.13 ± 0.07, P o 0.05). In addition, there was a time × GI × CHO interaction in NPRQ fasting , showing that NPRQ fasting increased more in 65% CHO-high GI than in 65% CHOlow GI group (P o0.01; see Table 2 ), with no GI difference in the 50% CHO group. Concomitantly, estimated fat balance during refeeding was 107 ± 27 g/day for 65%-HGI, 30 ± 24 g/day for 65%-LGI, 126 ± 28 g/day for 50%-HGI and 115 ± 61 g/day for 50%-LGI, with significant lower fat balance in 65%-LGI group compared with all other groups (P o 0.01). RQ iAUC-OGTT was affected by CHO content of the diet regardless of GI (Table 3 ). In the 65% CHO group RQ iAUC-OGTT decreased with refeeding whereas no effect was observed in the 50% CHO group. Between-group comparison revealed that 50% CHO group had a higher RQ iAUC-OGTT at the end of refeeding when compared with the 65% CHO group (see Figure 2) .
Relationship between changes in substrate oxidation and the regain in fat mass during refeeding During refeeding, ΔNPRQ fasting was positively associated with regain in fat mass (r = 0.43, P o 0.05) and regain in body weight (r = 0.35; P = 0.051) whereas ΔRQ iAUC-OGTT correlated with the regain in fat mass in the 50% CHO group only (r = 0.63, P o0.05). Relationships between changes in substrate oxidation and regain in fat mass are illustrated in Figure 3 .
DISCUSSION
Weight regain is frequently observed after diet-induced weight loss 28 and a low-GI diet is among the proposed strategies to facilitate weight maintenance. 19 The present study has shown that during controlled refeeding after weight loss, a high-GI 65% CHO diet led to an impaired basal fat oxidation. In the 65% CHO group, the impaired fasting fat oxidation was associated with a decrease Impact of glycemic index on fuel partitioning during refeeding J Kahlhöfer et al in insulin sensitivity. Postprandial metabolic flexibility was unaffected by refeeding at 50% CHO but clearly impaired by the 65% CHO diet. Regain in body weight was higher in the 65% CHO-HGI group and regain in fat mass was associated with impaired fasting fat oxidation in all subjects and with effective suppression of postprandial fat oxidation at 50% CHO intake.
Impact of diet on changes in substrate oxidation during refeeding Previous studies investigating the relationship between macronutrient proportion of the diet and fuel selection have shown that a high-carbohydrate diet (60% of calories from carbohydrates) leads to an increased RQ fasting , compared with a moderate-carbohydrate diet (45% of calories from carbohydrates). 3 RQ fasting is a major predictor of postprandial metabolic flexibility, because the ability to increase RQ in a postprandial state due to insulin and glucose stimulation is limited by a high RQ fasting . 29 Therefore the blunted increase in postprandial RQ when refeeding a 65% CHO diet is due to the elevated RQ fasting and reveals the limitation of the concept of postprandial metabolic flexibility that can only be interpreted when considering RQ fasting .
In contrast to carbohydrate content, the impact of GI on metabolic flexibility and fuel selection remains controversial. There is a plausible relationship between higher glucose and insulin responses with high GI carbohydrates and an impaired fat oxidation that has been confirmed in rodents 30 and during subsequent exercise in humans. 31, 32, 33 Although meal tests have shown an effect of GI on postprandial lipid oxidation 34 (for a review see Díaz et al. 15 ), convincing evidence from long-term studies is lacking despite one study in a small group of women that found a lower fat oxidation in a high-GI compared with a low-GI diet. 13 Improved weight maintenance and energy partitioning could be further evidence for a favorable effect of a low-GI diet. 19, 35 Gower et al. 36, 37 had shown improved weight maintenance with a low-GL diet, particularly in subjects with higher insulin sensitivity. In line with these findings, in the 65% CHO group of the present study, the decrease in Matsuda Index with refeeding was associated with the increase in NPRQ fasting (r = − 0.58, P o0.05) and with higher regain in fat mass (r = − 0.57, Po 0.05). An impaired drop in RQ during an overnight fast may be defined as metabolic inflexibility to lipid because fatty acids are the main available energy source during the transition from the fed to the overnight-fasted condition. 29 Other studies found an elevated fasting RQ in obese insulin resistant adults 9 and type 2 diabetic patients 38 or subjects with a family history of type 2 diabetes. 39, 40 Impact of changes in substrate oxidation on regain in body weight and fat mass during refeeding In the Diogenes Study, a diet with a high amount of high GI carbohydrates and lower protein content was associated with a higher regain in body weight and thus impaired weight maintenance after a weight loss diet. 19 Since the Diogenes study did not control energy intake, the relationship between a high-GI diet and weight regain could have been caused by an increased appetite. 20 In the present study energy intake was strictly controlled, which allows to confine the lower regain in body weight and the nonsignificantly lower regain in fat mass to metabolic effects (that is, a lower increase in fasting and postprandial RQ) without the influence of appetite control. A good adaptation to high-carbohydrate supply thus led to a higher suppression of lipid oxidation in favor of lipid storage (Figure 3 ). In line with this finding, high-carbohydrate oxidation independent of energy balance was identified as a risk factor for weight regain after previous weight loss. 6, 7 The Diogenes study has clearly shown that protein and GI both have an impact on weight maintenance. 19 Our results confirm the findings of the Diogenes study that the GI is important for weight maintenance. In addition we were able to show that the improved weight maintenance by a low-GL diet is not only dependent on spontaneous energy intake, but could be partly explained by improved fat oxidation and thus fat balance. However, because a high protein intake has also been shown to facilitate weight maintenance, dietary recommendations after weight loss should focus on both, protein and glycemic load.
Strengths and limitations of the study This trial was implemented as controlled nutritional intervention with monitored energy intake and expenditure over 6 weeks. In addition, body composition was measured using quantitative magnetic resonance, which is extremely very precise and valid method, enabling detection of small changes in fat mass. 41 But there are also some limitations that need to be discussed. (i) a major drawback for our study is the lack of power. But despite small subgroups, power for the primary outcome (GI effect on metabolic flexibility) was 72%. However the lack of significance for the difference in fat mass regain between subgroups is likely due to a lack of power. (ii) Our results are applicable to short-term effects and cannot be broadened to chronic effects of hypercaloric HGI or LGI diets. (iii) We assessed daylong glycemia (see Lagerpusch et al. 21 ), but not the corresponding insulin response. (iv) The higher regain in fat mass was interpreted to be caused by a suppression of fat oxidation at the expense of glucose oxidation. However, an increased RQ during hypercaloric refeeding of a high-CHO diet also leads to de novo lipogenesis. (v) Due to high grape juice content, the high-GI diet contained a high amount of fructose (high GI: 52 g/day; low GI: 14 g/day). Fructose can impair fat oxidation because it bypasses the first rate-limiting enzymes of glycolysis, which leads to lower rates of fat oxidation. 42 However, the effect of isolated fructose on fuel selection has been shown to disappear when participants consume a mixed meal. 43 
CONCLUSION
The present study has shown that GI and CHO content of the diet both affect substrate oxidation and thus regain in body weight during the refeeding phase of a weight cycle in healthy men. A diet with a low glycemic load and moderate CHO content may thus be recommended for weight maintenance after weight loss.
